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Abstract.-The Fermi s u r f a c e of Nb,Sn has been derived form an APW band c a l c u l a t i o n . de Haas-van Alphen (dHvA) o s c i l l a t i o n s have been observed i n Nb,Sn and V3Si which g i v e a c o n s i s t e n t FS descript i o n . Using s i n g l e c r y s t a l s of high r e s i s t a n c e r a t i o ' s and magnetic f i e l d s up t o 400 kOe, dHvA osc i l l a t i o n s have been seen i n the normal s t a t e f o r both specimens.
New f e a t u r e s of t h e Fermi s u r f a c e i n c l u d e o s c u l a t e d e l l i p s o i d a l s t r u c t u r e around M, and a l a r g e c u b i c a l s t r u c t u r e around T.
The c u r r e n t high l e v e l of i n t e r e s t i n A-15 m a t e r i a l s i s due t o t h e r e c e n t continuing discover i e s of t h e coexistence of a v a r i e t y of anomalous normal s t a t e p r o p e r t i e s / I / a t both high and low
temperatures, with t h e h i g h e s t T m a t e r i a l s showing
t h e most puzzling behavior. It i s widely f e l t t h a t t h e underlying physical f e a t u r e s l e a d i n g t o t h e s e unusual normal s t a t e p r o p e r t i e s a r e a l s o t h e causeof high t r a n s i t i o n temperatures observed i n many A-15 s t r u c t u r e m a t e r i a l s . A v a r i e t y of p h y s i c a l models a s c r i b i n g s p e c i a l f e a t u r e s t o e i t h e r t h e phonon o r e l e c t r o n d i s t r i b u t i o n s have been invoked t o e x p l a i n t h e normal s t a t e p r o p e r t i e s . Detailed knowledge of t h e band s t r u c t u r e i s a necessary precursor and underpinning t o t h e i n c l u s i o n of t h e electron-phonon and e l e c t r o n -e l e c t r o n couplings and hence t o t h e theory of superconductivity i n t h e s e m a t e r i a l s . The only p r i o r dHvA measurements on an A-15 a r e t h e rec e n t r e s u l t s of Arko e t a l . /2/ f o r Nb,Sb (TC%0.2 K).
Magnetothermal o s c i l l a t i o n s were p r e v i o u s l y observed /3/ i n V3Ge (T % 6 K). Recently (some of us) have r e p o r t e d /4/ on t h e g l o b a l energy s t r u c t u r e of Nb3Sn. Here we now r e p o r t on band p r o p e r t i e s c l o s e t o EF -t h e derived Fermi surface. B r i e f l y t h e cal+work supported by t h e U. S . Department of ~n i r~~, t h e National Science Foundation (USA), t h e S t i c h t i n g v o o r Fundamenteel Onderzoek d e r Materie (The Netherlands) and NASA (U.S.A) c u l a t e d extremal cross-sectional a r e a s a g r e e w i t h i n 3 t o 5% w i t h t h e dHvA d a t a presented h e r e f o r s h e e t s near M. I n a d d i t i o n we f i n d a v e r y large-massed (m* = 2.3) c u b i c a l "box-like" s t r u c t u r e near r which we i d e n t i f y with breaks i n t h e d e r i v a t i v e s of t h e p o s i t r o n a n n i h i l a t i o n d a t a of Samoilov and Weger /5/ on t h e i s o e l e c t r o n i c m a t e r i a l V3Si.
Unfortunately, t h e v e r y f o r c e s which makethe high Tc A-15's such i n t e r e s t i n g m a t e r i a l s had, u n t i l now, combined t o prevent dHvA measurements of t h e Fermi s u r f a c e , t h e only p r i o r dHvA measurements being t h e very r e c e n t r e s u l t s f o r NbsSb / 2 / . The f o u r main l i m i t i n g experimental f a c t o r s a r e : 1) Cyclotron e f f e c t i v e masses a r e expected t o be high due t o t h e i n t r i n s i c a l l y f l a t e l e c t r o n i c band s t r u c t u r e and t o t h e s t r o n g electron-phonon coupling (1
2) HC2 i s l a r g e , s o t h a t e x c e p t i o n a l l y high magnetic f i e l d s a r e needed, simply t o reach the normal s t a t e ;
3) S i n g l e c r y s t a l s tend t o grow nonstoichiometricall y s o t h a t TD, t h e Dingle temperature, would be expected t o be l a r g e . The A-15's tendency toward int r i n s i c d e f e c t formation i s presumably a l s o accompanied by high dHvA Dingle temperatures ; 4) C r y s t a l s undergo m a r t e n s i t i c transformation i n cooling from room t o helium temperature, s o t h a t suppression of t h e dHvA s i g n a l due t o i n t e r f e r e n c e of o s c i l l a t i o n s and t o phase smearing between t e t r a - s e smearing and s c a t t e r i n g (Dingle temperature) c o n t r i b u t e t o an exponential a t t e n u a t i o n of t h e dHvA amplitude, with phase smearing becoming more pronounced as t h e dHvA frequency increases.
The Nb Sn c r y s t a l s were grown over a periodof four months by closed tube vapor t r a n s p o r t with iodine a s t h e transporting agent. An inductive measurement of the a c t u a l dHvA c r y s t a l showed a Tc of 17.8 K and a width (10 % -90 %) of 0.07 K. Resist i v l t y measurements confirm t h a t t h e samples undergo a m a r t e n s i t i c transformation a t 51 K. Assumingan, approximate e x t r a p o l a t i o n f u n c t i o n / 6 / we estimate R (300 K) / R (0 K) = 50 and R (0 K) = 1.5 )1Qcm 171. This consideration i s suggestive of the s c a t t e r i n g time being high enough t o s e e t h e dHvA e f f e c t .
From t h i s r e s i d u a l r e s i s t i v i t y we estimate an elec-
The V S i specimen was grown using a f l o a t i n g molten zone technique with induction heating i n a pure argon atmosphere. The zone was passed along the rod (obtained by melting the c o n s i s t e n t metals i n a s i l v e r boat) a t t h e r a t e of % 2 cm/h. A multigrained sample was obtained which had a l a r g e cent r a l g r a i n the length of the sample (a 1/8" d i m . ) .
No r e s i s t a n c e r a t i o or T measurements were made.
However, i t i s known t h a t V S i i s l e s s s u s c e p t i b l e than NbsSn t o t h e A-15 tendency toward d e f e c t formation, while t h e amplitude of the dHvA s i g n a l s makes i t c l e a r t h a t t h e t o t a l s c a t t e r i n g r a t e i n V3Si
must be a t l e a s t comparable t o t h a t of Nb3Sn. The q u a l i t y of both t h e Nb,Sn and V3Si c r y s t a l s was very gool, a s indicated by examination of t h e room temperature d i f f r a c t i o n s p o t s i n Laue back-reflect i o n x-ray p i c t u r e s . Both t h e Nb3Sn and V3Si cryst a l s were c u t by spark erosion i n t o specimens % 1 mm3 and surf ace damage etched away. Oriented s i n g l e c r y s t a l samples were mounted i n a s p i r a l gear driven r o t a t o r with t h e magnetic f i e l d within about l o of a (110) plane ; t h e accuracy with which orient a t i o n s a r e known i n the (1 10) plHne i s a l s o e s t imated t o be about l o .
The experiments were conducted a t t h e Univers i t y of Amsterdam's 400 kOe "slow pulsed f i e l d " fac i l i t y using t h e magnet i n the f r e e inductive decay mode t o minimize noise 181. The output of a compensated dHvA pickup c o i l was d i f f e r e n t i a t e d twice, f i ltered t o take out some of t h e dc voltage r e s u l t i n g from incomplete c o i l compensation, amplified and displayed d i r e c t l y on the recorder. A t y p i c a l recorder t r a c i n g i s shown i n f i g u r e I .
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Fig. 1 : Dual t r a c e s of a t y p i c a l high speed c h a r t recording f o r Nb,Sn, showing t h e decay of a 40 T magnetic f i e l d pulse and t h e simultaneous recording of dHvA o s c i l l a t i o n s followed by t h e superconduct i n g t r a n s i t i o n a t H v e r s u s time. The apparent o s c i l l a t i o n s below H" a r e n o i s e generated i n t h e pickup c o i l due t o e$%y c u r r e n t s , f l u x jumps, e t c . .,
and not periodic i n 1/H. Table I dHvA Frequencies f o r V3Si O r i e n t a t i o n Frequency ( l o 6 gauss) [loo] 6.24 U n t i l recencly t h e i n t r i n s i c r e s o l u t i o n of band t h e o r e t i c a l c a l c u l a t i o n s f o r m a t e r i a l s a s com-, plex as t h e A-15's was no b e t t e r than about 4,000 K /1,9/ precluding d i r e c t t h e o r e t i c a l exploration of electronically-driven models f o r t h e many i n t e r e st i n g A-15 anomalies. However, we w i l l i n t e r p r e t our experimental r e s u l t s here by comparing them w i t h t h e Fermi s u r f a c e predicted by a new high p r e c i s i o n energy band model f o r Nb3Sn, f o r which t h e i n t r i ns i c r e s o l u t i o n i s l e s s than 500 K 141. given o r i e n t a t i o n a r e reproducible t o within a few %. The s o l i d l i n e s a r e generated from t h e Fermi surf a c e model and band s t r u c t u r e c a l c u l a t i o n of r e f erence 141 I n f i g u r e 3 we present the Fermi surface of Nb,Sn ( i n t e r s e c t i n g bands 15-21) i n t h e p r i n c i p a l symaetry planes. The Fermi energy was determined e x a c t l y from t h e d e n s i t y of s t a t e s 141 and no adj u s t a b l e parameters were used. Because of t h e sens i t i v i t y of f i g u r e 3 t o small energy s h i f t s (espec i a l l y bands 19 and 20) we have used t h e ( l a r g e r than 300th order) A P W s e c u l a r m a t r i x i t s e l f a s an i n t e r p o l a t i o n scheme t o make the p l o t .
Two f e a t u r e s a r e noteworthy compared t o t h e previous V,Sk i s o e l e c t r i c Fermi s u r f a c e of Mattheiss I 9 1 :
1) t h e g r e a t e r confluence of osculated s t r u c t u r e a t M ;
2) t h e f l a t "box-like" s t r u c t u r e s centered a t T.
Globally t h e Nb,Sn band s t r u c t u r e was t h e same a s t h a t of Mattheiss. Making a microscopic comparison near EF between h i s 191 f i g u r e 6(d) and f igure 1 of reference 141, we f i n d t h a t t h e main res u l t i s t h a t rI2 has "dropped" by about 30 mRy rel a t i v e s e t s of l e v e l s a t M -a r e s u l t e a s i l y understood i n t h a t we have included an e x t r a (negative) p o t e n t i a l i n s i d e t h e muffin-tin-spheres (primarily
Nb-along-the-"chains") r e l a t i v e t o Mattheiss. Hence t h e d-like Nb bonding s t a t e TI2 near EF -which i s maximally s e n s i t i v e t o such e f f e c t s -"drops" r e l at i v e t o t h e i n s e n s i t i v e l e v e l s a t M. Since the F e d l e v e l follows t h e heavy massed I'12 s t a t e , t h e l ' l i g h t "
massed M-centered hole-like l e v e l s seen i n f i g u r e 3 "pop-up" through EF. The s t r u c t u r e near R a l s o has a l i g h t mass. W e have f i t t e d t h e values of t h e "light-massed" bands 15-19 a t 10 points near M t o the lowest 7 M-harmonics by a l e a s t squares procedure :
where E (k) i s t h e energy of band n a t point k, t h e n -C 1 s a r e the expansion c o e f f i c i e n t s and x , y, z a r e t h e components of t h e k-vector d i f f e r e n c e from M,in atomic u n i t s . A l l terms through q u a r t i c ( i . e . z 4 )
were used. These were used t o o b t a i n the a r e a s and %i masses, m = (l/~r)dA/dE l i s t e d i n t a b l e 11. I n gener a l , t h e correspondence between t h e observed and calculated dHvA frequencies ( f i g u r e 2 and t a b l e 11)
i s good. (The experimental l a b e l i n g and i d e n t i f ic a t i o n was based on t h e angular dependence of the a r e a s ) . W e have l i s t e d i n t a b l e I1 t h e masses f o r the M-centered pieces a s a guide t o understanding
t h e experimental data. Very low dHvA frequencies we-r e discriminated a g a i n s t i n t h e pulsed f i e l d experiments, both because t h e i r period i n H was too long Fisk and Mueller /2/ ( f o r Nb3Sb) have a l s o i n t e r p r eted t h e i r data i n terms of M-centered s t r u c t u r e s , although those i n t e r p r e t a t i o n s required r i g i d s h i ft i n g of EF upward. Table I1 Areas and masses i n t h e [00 l l and [ l l q For t h e r-centered s h e e t , we have found i t impossible t o make a s a t i s f a c t o r y expansion of t h e 19th band energy s t r u c t u r e i n a few cubic harmonics / I l l , analogous t o equation (1). The a r e a s and mass e s l i s t e d i n t a b l e I1 f o r t h e r-centered sheet were + derived numerically from k v e c t o r s found from t h e APW s e c u l a r matrix. The e r r o r s of t h e two 19th band masses a r e r e l a t i v e l y l a r g e because they were found by numerical d i f f e r e n t i a t i o n . (The e f f e c t i v e energ i e s used were spaced 0.5 mRy appart.) W e have given M-centered and r-centered masses a l s o t o stimul a t e measurements of t h e cyclotron mass. The massof t h e r-centered piece normal t o [001] i s r a t h e r const a n t f o r d i f f e r e n t values of k . Hence most of t h a t Fermi s u r f a c e sheet should c o n t r i b u t e a t a s i n g l e f value of m . This should help t o make t h e r a t h e r high value of cyclotron mass of about 5 observable.
Although our predicted Fermi s u r f a c e i s somewhat complicated, t h e r e a r e c l e a r open and closed d i r e ct i o n s . W e ask t h a t high f i e l d magneto-resistance experiments be considered a s a f u r t h e r t e s t of our Fermi surface topology.
W e now focus on an unexpected f e a t u r e of f igure 3 : t h e two cubical "box-like" s t r u c t u r e s of band 20 and 19 centered a t r and i n t e r s e c t i n g t h e r t o X ([loo]) l i n e a t 0.15 and 0.64 ~/ a u n i t s r e sp e c t i v e l y , and t h e I' t o M ([llo]) l i n e a t 0.15 and 0.62 ~/ a u n i t s , r e s p e c t i v e l y . These f e a t u r e s were i n v a r i a n t
t o s l i g h t s h i f t s (+ 3 mRy) of EF, although t h e exact i n t e r s e c t i o n d i s t a n c e s varied s l i g h t l y with EF. Recently Samoilov and Weger have reported
/5/ p o s i t r o n a n n i h i l a t i o n experiments i n iso-elect r o n i c VsSi i n t h e [loo] d i r e c t i o n , and we have enhanced the s e n s i t i v i t y of t h e i r d a t a t o Fermi surfa-
ce e f f e c t s by means of a novel "folding" technique. t h e i r t h i r d peak s t r u c t u r e -p a r t i c u l a r l y t h e f l a t s t r u c t u r e centered around X i n confluence with t h e m u l t i p l e s t r u c t u r e a t M. But these t h i r d peak ident i f i c a t i o n s a r e t e n t a t i v e . W e have assumed an invar i a n c e between t h e d e t a i l e d band s t r u c t u r e shape near EF of V3Si and Nb3Sn. Comparing f i g u r e s 6a-6d of Mattheiss /9/ t h e r e i s a c l o s e family ressemblarr ce -but microscopically our Nb Sn bands a r e more l i k e h i s V3Si bands than h i s Nb3Sn bands. Samoilov and Weger have i n t e r p r e t e d /5/ t h e i r d a t a i n terms of t h e independent band model / I / wh:se chief d i fference near EF from our model i s t h a t they f i n d t h a t E i n t e r s e c t s t h e rZ5 l e v e l s and t h a t t h e i r F I'12 l e v e l s a r e above EF. Our r e s u l t s support Samoilov and Weger's main conclusion of t h e importance of p l a n a r Fermi s u r f a c e s t r u c t u r e s along [ I O~ The very low dHvA frequencies are discriminated against in pulsed field experiments, it is reasonable that we do not observe the lowest predicted branches of figure 2.
Finally, our present data clearly do not allow us to determine whether the disappearance ofthe higher frequency oscillations as a result of thermal cycling was due to the (progressive) disappearance of a piece of Fermi surface, accompanying the structural transformation, or simply due to an increase in Dingle temperature (electronic scattering rate) due to strain. The change in the lattice parameter accompanying the transformation is only of order 1 % so that a major change in the band structure is not expected. One would expect the degeneracy of the branches to be lifted, but our data are not sufficiently accurate to determine any minor splittings in the dHvA frequency branches. However, it does seem clear from our measurements that the effects of the martensitic transformation are reversible, and that it will be possible to use the dHvA effect as a detailed probe, in kspace, of the electronic consequences of the A-15 structural transformation.
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